Elephant social structure is matrilineal, with family units composed only of maternally related females and their juvenile offspring, while adult males are mostly solitary and seldom congregate into bachelor herds. In such a social structure, we expect females in the same family unit to have the same mitochondrial genome, which may or may not differ from that of individuals in other family units in the population. Such social structuring also results in the mating males and females having different allele frequencies at nuclear microsatellite loci. This is manifested as an excess of heterozygotes relative to the expected Hardy-Weinberg proportions, a phenomenon which maintains genetic variation within the population by minimizing inbreeding. We analyzed mitochondrial nucleotide sequences and allele frequencies at four microsatellite loci in nine family units of the African elephant (Loxodonta africana) in Queen Elizabeth National Park and found more than one distinct mitochondrial genotype in three of the family units and no significant excess heterozygosity at microsatellite loci in eight of the families. We interpreted these findings as an indication of a breakdown in social structure of this population caused by social stress due to factors like excessive poaching that has taken place in this national park over the last three decades. Ecological and management implications of these findings for elephant populations are discussed.
INTRODUCTION
Elephants are social animals, living in tightly organized and cohesive family units which are matriarchal in nature and characterized by female philopatry and malebiased natal dispersal. A typical family unit in an unpoached population, such as the Amboseli population, contains an average of about ten individuals, usually consisting of an older and experienced mother (matriarch) with her dependent offspring and adult daughters plus their immature offspring (Moss & Poole, 1983) . The matriarch usually leads the rest of the family group. Occasionally the family unit may include one of the matriarch's sisters and her offspring as well. Members of a family unit work together to take care of the calves and to signal to others of impending danger (Lee, 1989) . This high level of relatedness between female members of a family group leads to greater cooperation between group members and increased reproductive success of the species (Koenig, 1981) . On the other hand, heavily poached populations like those of Tsavo East, Queen Elizabeth and Mikumi national parks are characterized by small family units often comprised of too many calves of similar ages to have been produced by the number of adult females found in the same family units. A plausible explanation for such an occurrence is that the mothers of the calves have died, most probably through poaching, and the calves have joined other unrelated females or remained with surviving members of their own family units (Abe, 1994) .
Males are usually driven out of the family unit when they attain puberty, after which they remain solitary or temporarily congregate into random bachelor herds where no long-term social bonds exist between the different individuals (Laws & Parker, 1968; Croze, 1974; Poole, 1982) . They only associate with family units when one of the females is in oestrus.
Family group size and cohesiveness are correlated with the ecological health of an elephant population: for example, in times of food shortage, elephant family groups normally split up to maximize the possibility of survival from limited resources.
It has been postulated that ecological and/or social stress, e.g. owing to loss of matriarchs through poaching, can lead to breakdown of social structure and this is manifested through coalescence of family units into large groups, probably for collective defence purposes (Laws, 1974) . Poaching for ivory is often a very discriminate process, whereby it is usually the larger and older elephants (males and matriarchs) that are the prime targets because they are the ones that carry the largest tusks. Following the death of a matriarch, the rest of the family group is usually thrown into confusion before a new leadership hierarchy is established.
Orphaned elephants usually have relatively poor survival rates compared to their non-orphaned counterparts; and calves under 2 years old have no chance of surviving without their mothers (Lee, 1987; Abe, 1994) . However, to increase their chances of survival, orphaned elephants have been reported occasionally to get adopted into other intact family units (Abe, 1994) . Different family groups have also been observed to coalesce into bigger heterogeneous social groups in response to poaching pressure (Eltringham, 1977) . Douglas-Hamilton (1973) suggested that this bunching could be a collective defence against predators in times of social stress or disturbance.
Since family units are matrilineal, bona fide members of a family unit are expected to have the same mtDNA haplotype (with the exception of a few random mutations that may take place in some members of a family group). Consequently, the presence of more than one distinct haplotype in what is considered to be a family unit (Abe, 1994) would be an indication that the unit is composed of individuals descended from different maternal lineages and hence an indirect genetic signal that the family in question is an amalgamation of individuals deriving from at least two different matrilines. Nevertheless, possession of the same mtDNA haplotype by any two individuals does not necessarily mean that they belong to the same matriline.
The genotypic variation at autosomal loci in the African elephant is expected to deviate from what is usual in randomly mating populations. With its family structure, where males leave the family groups at puberty and later join families with females in oestrus, we expect reproductive males and females to differ in allele frequencies. This is expected to result in a significant excess of heterozygotes relative to the Hardy-Weinberg proportions within family groups (see Hedrick, 2000) . Therefore, we hypothesized that tests for Hardy-Weinberg proportions on average should result in deviations suggesting an excess of heterozygotes.
Records on elephant population size for Queen Elizabeth National Park are available from systematic censuses which have been conducted since the early 1960s (e.g. Buss & Savidge, 1966; Field, 1971; Eltringham, 1977) . By 1969, elephant numbers had increased to the extent that culling was suggested to avert drastic habitat destruction (Laws, Parker & Johnson, 1970) . However, by the mid-1970s, a drastic decline in numbers was recorded in this park (e.g. Douglas-Hamilton et al., 1980; Eltringham & Malpas, 1980) , mainly as a result of rampant ivory poaching orchestrated by the breakdown in law and order at that time. Elephant numbers were reduced from approximately 3700 counted in 1972 (Eltringham, 1977) to a mere 150 individuals by 1980 (Eltringham & Malpas, 1980) . Observations made on the group dynamics of the surviving individuals led Eltringham & Malpas (1980) to conclude that heavy poaching pressure had led to a breakdown in the social structure of the surviving elephant groups, leading to aggregation of separate matrilines into large herds.
In this study, we have used both mtDNA control region nucleotide sequences and allelic variation at four nuclear microsatellite loci to assess the effects of elephant disturbance (mainly through intense poaching) during the last 30 years on the social organization of elephant family groups in Queen Elizabeth National Park.
MATERIALS AND METHODS

Mitochondrial control region analysis
Skin samples were collected in 1993 from 30 individuals belonging to nine identified family units (Abe, 1994) , using a crossbow. The biopsies were preserved in 25% dimethylsulphoxide saturated with 5M NaCl (Amos & Hoelzel, 1991) .
DNA was phenol-extracted following standard procedures (Sambrook, Fritsch & Maniatis, 1989) . We amplified and sequenced 400 bp of the 5' end of the mtDNA control region, using primers Laf CR1 (5'GTATAA-GACATTACAATGGTC3') and Laf CR2 (5'AGAT-GTCTTATTTAAGAGGA3') (Nyakaana & Arctander, 1999) . Double-strand PCR amplification was done in a 20 µL reaction volume using an Omn-E HYBAID thermocycler and the following conditions: 2-5 ng of genomic DNA, 20 pmol of each of the primers, 1.5 mM MgCl 2 , 200 µM dNTPs and 0.4 units of Taq polymerase (Boehringer Mannheim GmbH).
Cycling parameters were: 1 cycle of denaturation at 94°C for 5 minutes followed by 35 cycles of denaturation at 94°C for 1 minute, annealing at 46°C for 2 minutes and extension at 72°C for 3 minutes. We obtained single strand DNA for sequencing by asymmetric PCR of double strand DNA using the same cycling profile.
We sequenced the DNA using the dideoxy chain-termination method (Sanger, Nicklen & Coulsen, 1977) using the Sequenase™ ver. 2.0 kit (United States Biochemical), [a 35 S]-dATP (Amersham) and primers complementary to the template. The sequencing reaction was electrophoresed in a 6% polyacrylamide/7M urea gel. The gel was fixed, dried and visualized by autoradiography on a Kodak film for 24-48 hours.
rt-PCR analysis of the control region
Very often, erroneous amplification of nuclear homologues of mtDNA genes occurs when universal primers are used (e.g. Arctander, 1995; Zhang & Hewitt, 1996) .
Nuclear homologues of the African elephant control region have also recently been reported (Greenwood & Pååbo, 1999) . In order to verify that the fragment we obtained using primers Laf CR1 and Laf CR2 was indeed of mitochondrial origin, we isolated total RNA from two fresh biopsy samples collected in Queen Elizabeth National Park, using the QIAGEN RNeasy mini kit (QIAGEN). We then carried out an rt-PCR amplification of the control region using the GeneAmp Gold RNA PCR reagent kit (PE Biosystems) and primers Laf CR1 and Laf CR2, following the manufacturer's instructions and the cycling parameters already described above.
Microsatellite analysis
We genotyped the individuals at four microsatellite loci (Laf MS01, Laf MS02, Laf MS03 and Laf MS04), as described by Nyakaana & Arctander (1998) . In large randomly mating populations we expect that the genotypic distributions at the microsatellite loci accord to the Hardy-Weinberg proportions. Deviations from this expectation can be quantified by Wright's fixation index, F, which can be estimated by F = (H e -H o )/H e , where H e is the expected heterozygosity according to Hardy-Weinberg proportions and H o is the observed heterozygosity in the sample. The expected value for F is zero in randomly mating populations. Positive values of F indicate a deficiency of heterozygotes relative to Hardy-Weinberg proportions, a phenomenon which can be caused by inbreeding or a mixture of genetically different populations. Negative values of F indicate an excess of heterozygotes relative to Hardy-Weinberg proportions, which rarely is observed at a significant level in randomly mating populations.
We estimated the observed as well as the expected heterozygosity for all family groups where more than two individuals were genotyped and calculated Wright's F-statistics according to the formula presented above. We determined the significance of these deviations according to Guo & Thompson (1992) , using 10,000 Monte Carlo simulations. We computed the significance levels as the probability of F-values from the permutations being equal or smaller than the observed F-value. This was done for family units with sample sizes larger than two.
RESULTS
Variation at the mtDNA control region
An alignment of 30 sequences from nine family groups (A, B, C, F, G, M, T, U and Z) revealed three distinct haplotypes characterized by 19 polymorphic sites (Fig. 1) . Haplotype A1 was the most frequent, occurring with a frequency of 90%, and it was found in all family groups. Family groups B, T and U each contained two haplotypes. Individuals B1 and T3 from family groups B and T respectively shared the same haplotype which occurred with a frequency of 6.7%. This haplotype differed by 17 transitions and one insertion from the most common haplotype (4.5% divergence). The least common haplotype, U2, was observed in the U family and it differed from the most common haplotype by 12 transitions and one insertion (3.3% divergence). These observed nucleotide differences between B1, T3 and U2 and the rest of the members of the groups in which they were sampled were found to be too high to be accounted for by random mutation events, given the fact that the net nucleotide diversity in the overall population from which these families were sampled is 0.5 ± 0.1% (Nyakaana & Arctander, 1999) . The consensus sequence we obtained from the rt-PCR experiments (GeneBank accession number AF301219) was identical to haplotype A1 in Fig. 1 . This unequivocally confirmed that our sequences were indeed of true mitochondrial origin and hence nuclear transposition of the d-loop region cannot be invoked to explain our data.
Microsatellite variation
The genotypes at the four microsatellite loci for the nine family groups are presented in Table 1 . One individual in family unit C failed to be amplified and genotyped at the optimal conditions for locus Laf MS01, four individuals (one in each of the family units A, B, C, and F) failed to be genotyped at the optimal conditions for Laf MSO2, while two individuals failed to be genotyped for locus Laf MS04.
All the four loci were highly variable with an observed number of alleles of 7, 11, 6 and 4 in the total sample for loci Laf MS01 to Laf MS04 respectively. The observed and expected heterozygosities (where computed) were also high, ranging from 0.63 to 0.88 and 0.62 to 0.72 respectively (see Table 1 ). The average genotypic proportions (weighted by the sample sizes) at each of the four loci across all the family groups showed an excess of heterozygotes with F-values ranging from -0.31 to -0.11. We tested for the significance of the observed excess heterozygosity using 10,000 Monte Carlo simulations, and found only two of the observed F-values to be significant at the 5% level: for locus Laf MS02 in family groups G and M. We also tested for the overall significance level for a family group using Fisher's method for combining test results (Manly, 1985) . Only family group, T, showed a marginally significant value at the 5% level (P = 0.05). The P-values are also presented in Table 1 .
DISCUSSION AND CONCLUSION
This study is an attempt to assess indirectly the impact of man-induced disturbances like poaching on the social structure of elephant populations through the analysis of the genetic structure of family groups, using mtDNA and nuclear microsatellites. In any animal population with social structure, the social patterns of the population will be reflected in its genetic patterns. Our sequence data set clearly indicates that some of the family groups in Queen Elizabeth National Park are not homogeneous for a maternally inherited marker, thus suggesting that the The rt-PCR results clearly showed that haplotypes B1, T3 and U2 were true mitochondrial sequences and hence could not be a consequence of nuclear transposition of the d-loop region. We therefore interpret these divergent haplotypes to be possible remnants of the lineages that were exterminated by the poaching process that got adopted into the surviving matrilines.
For biparentally inherited markers, a social structure involving resident females and migrating males (as in elephants) promotes attainment of significant excess heterozygosity at nuclear loci (de Jong, Ruiter & Haring, 1994; Hedrick, 2000) . Our microsatellite data show that, out of the nine family groups analyzed, only family group, T, conforms to this expectation, and for most groups our observed F-values were similar to what could be expected if we drew small samples from a randomly mating population with no social structure. However interpretation of the biological significance of these data is problematic. First, the microsatellite loci are highly variable, which can cause problems in the interpretation of the data, particularly in estimating differentiation among populations (Hedrick, 1999) . Second, the sample sizes we have used are small, which weakens the Table 1 . Microsatellite genetype distribution (expressed as allele sizes) of individuals genotyped in the nine elephant family groups from Queen Elizabeth National Park. F is Wright's fixation index. (Note: the average F-value has not been estimated from the average observed and expected heterozygosities but from the values for the four loci, weighted by the sample sizes.) P is significance level of Fisher's method for combining test probabilities for loci in each population (Manly, 1985 198, 200 138, 150 144, 150 149, 149 188, 190 148, 152 140, 142 149, 198 146, 152 144, 144 157, 157 192, 200 148, 148 144, 146 155, strength of the test. However, our genetic data clearly show that although there is reduced genetic variation at the maternally inherited locus in this population, there is still a considerable amount of variation at the microsatellite loci despite the genetic bottleneck this population has experienced. Our genetic findings corroborate earlier ecological observations on this same population. Eltringham (1977) reported incidences of coalescence of elephant family units in Queen Elizabeth National Park. He attributed this tendency towards amalgamation of family units to social stress arising from poaching pressure, but not to nutritional stress arising from food deficiency because of degradation of the habitat. This was because all available evidence showed that Queen Elizabeth National Park provided a good habitat for elephants, with sufficient food. This conclusion was based on the observation that the largest family group sizes occurred in those areas of the park where poaching was prevalent while the smallest group sizes were found in areas more secure from poaching.
An ecological and management implication of such a change in social behaviour, which leads to an increase in group size, is an increase in the rate of tree destruction through debarking or intentional pushing over (owing to increased stress), plus the destruction of vegetation and compaction of soils through trampling, especially around watering points, leading to overall habitat degradation. The genetic implication of excess heterozygosity in a maternally structured population with differential migration of the sexes is the accumulation of deleterious recessive alleles, which get protected from the purging effects of natural selection, leading to a higher genetic load in the population as long as the social structure remains stable. Any disruption of this social structure that would lead to a reduction in the level of heterozygosity (e.g. through coalescence of different family units as discovered in this study) has serious genetic implications for the future survival of the population. This is because reduced heterozygosity makes the population very sensitive to inbreeding depression, which is normally recognizable in an increased incidence of phenotypic manifestation of recessive alleles. Since poaching selectively removes tusked elephants from the population, it has the potential of accelerating directional selection in favour of tusklessness, if there is genetic variation for this trait in the population. Several studies in areas where heavy poaching has occurred have reported high proportions of tuskless elephants in the populations. For example, Douglas-Hamilton et al. (1986) and Hall-Martin (1980) reported high levels of tuskless elephants in Selous Game Reserve, Tanzania, and Addo National Park, South Africa respectively. Indeed, a relatively high frequency of tuskless elephants (21.1%) has already been observed in our study population when individuals aged 10 years and above are considered (Abe, 1994) .
Our findings therefore highlight the need to take into consideration this type of genetic data when devising recovery and/or management plans for disturbed populations such as the Queen Elizabeth National Park population.
The ideal situation would have been to test our set of data against a control population which has not been subjected to poaching pressure for a very long time (measured in terms of the number of elephant generations). However, given the current conservation status of the African elephant, such a population is impossible to come by.
